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Abstract

The pollen of Heliconia and most of its zingiberaceous relatives is destroyed by the standard

acetolysis preparation. The fragility of the grains is the result of the weak exine development and
sporopollenin deposition. There is a corresponding enhancement of intine growth. Transmission elec-

tron microscope studies were conducted on the pollen ontogeny from the microspore mother cell

stage to the mature microspore in order to determine the nature of sporoderm development and
differentiation. Ontogeny of the Heliconia sporoderm is similar to the basic pattern of angiosperm
pollen development through the tetrad stage. The primexine template is established while the callose

sheath still envelopes the tetrad microspores. Probacula arise from the plasmalemma of each micro-

spore but only on the distal hemisphere in Heliconia, and then white lines develop between the

plasmalemma and the probacula bases. Limited amounts of protosporopollenin from the microspore

protoplast are deposited on and around the white lines. Dissolution of the callose brings tapetal lipid

globules into contact with the developing exine, and there is some evidence that tapetal membrane
fragments become attached to the primexine template. For the most part, however, sporopollenin

deposition is minimal during the free spore stage in Heliconia. The consequence is that the exine

consists of probacula which mature into spinules and white lines which are coated with thin deposits

of sporopollenin to form stratified lamellae. As in other pollen, the intine of Heliconia is initiated

during the free spore period following microspore enlargement and the formation of a large central

vacuole. Microfibrils of cellulose develop between the plasmalemma and mature exine. The outermost

fibrils are compacted and the radially oriented vesicles which appear in the intine region apparently

are active in dissolving channels through to the base of the exine. Additional fibrils are eventually

deposited to the interior of the intine to seal off the channels. Channel formation in Heliconia proceeds

rapidly and is restricted to the distal hemisphere, while development of the proximal face is somewhat
retarded and the mature intine is solid and stratified. The functional significance is not known, though

the channels could serve as reservoirs for gametophytic proteins involved in germination and incom-

patibility.

Systematic botany has come to rely on the acetolyzed remains (viz. exine) of

pollen and spores for routine identifications and speculations on angiosperm phy-

logeny. From a functional point of view, of course, the exine which has undergone

acetolysis treatment is a skeleton devoid of the vital signs that make the mature

pollen grain a precarious biological bridge between sporophytic generations.

Questions about the functional, adaptive, or evolutionary significance of pol-

len must consider the total life history of a pollen grain and be aware of the

hmitations imposed by the study techniques. The genus Heliconia and some of

its zingiberaceous relatives are a case in point. The grains are large and have a

relatively thick sporoderm. They are readily destroyed, however, in the standard

acetolysis solution. The reason for this fragility is that the exine which normally

forms a tough outer coat impregnated with acid resistant sporopollenin is either

very thin, discontinuous, or absent in the Cannaceae (Skvarla & Rowley, 1970),

Heliconiaceae (Kress et al., 1978), Lowiaceae, Marantaceae, Musaceae, Strelit-

ziaceae, and Zingiberaceae (Heslop-Harrison, 1976; Stone et al., unpublished).

The significance of a virtually exineless pollen grain in most of the Zingiberales

(sensu Tomlinson, 1962) is not known. Reports of other monocotyledons with a
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thin pollen exine and very thick inline, often striated with radially oriented chan-

nels, include members of the ancestral Liliales (i.e., Amaryllidaceae, Tridaceae:

Heslop-Harrison, 1976). The apertural regions of the grasslike Restionales and

Degeneria of the dicotyledons are also reported to have a radially striate intine.

These observations led Skvarla & Rowley (1970) to surmise that the "entire

pollen wall" of Canna (Cannaceae) is, effectively, one large aperture that offers

"an infinite number of sites for pollen tube initiation." While the advantages of

such a versatile pollen grain are apparent (Lee, 1977, 1978), there is no suggestion

as to why the condition is common only to a few monocot allies. Some clues

might be gleaned from the anomalous pollen of Heliconia. This genus and some

members of the Costaceae have heteropolar pollen (Stone et al. , unpublished). The

radial striations of Heliconia seen with brightfield microscopy prove to be densely

packed cylindrical channels that are confined to one hemisphere (Kress et al.,

1978). Conceivably, this specialized pollen type has some adaptive significance

in the reproductive biology of the hummingbird-pollinated Heliconia species.

Investigations on the ontogeny of the pollen grain wall of Heliconia were

initiated to (1) confirm the polarity; (2) determine the developmental pattern of

the exine; (3) establish the nature and sequence of development of the highly

elaborated intine; and (4) provide a firm basis for investigating the functional role

of the grains in polHnation biology and the usefulness of mature pollen in assessing

the broader phylogenetic relationships within the order.

Materials and Methods

(SEM)
ture, unopened flowers were collected from plants in the field or greenhouse

(Table 1) and fixed in formalin-acetic acid-alcohol (FAA) for at least 24 hours.

The anthers were then dissected from the flowers, taken through the standard

acetolysis preparation (Erdtman, 1969) and mounted in glycerine jelly for obser-

vation with phase microscopy (Leitz Ortholux with Heine condenser). Since ac-

etolysis proved devastating to the delicate Heliconia pollen grains, critical point

drying was employed to reduce surface tension distortion of the sporoderm

Webster

70% of

steps ending in 100% Freon. The critical point drying was carried out in a BOMAR
SPC 900/EX dryer with CO2 as the transitional fluid. The anthers were opened

and the dried pollen shaken out onto a glass coverslip overlaid by a thin film of

polyvinyl chloride adhesive (Leffingwell & Hodgkin, 1971). The pollen was shad-

200 A
SEM

(TEM)
plants from the greenhouse. Entire flowering bracts were harvested and the in-

dividual flowers subtended by each bract were sequenced and labeled according

to size. The anthers were dissected from each flower and fixed. In the preliminary

studies FAA fixation was tried but disruption of the cytoplasm obscured internal

detail. Critical ontogenetic studies depended on routine fixation with 4.2% glu-

70% stock) in a 0.1 M
pH 7 for 1 hour at 20°C. After 5 washes in phosphate buffer, the anthers were



1979] STONEET AL.

—

HELfCONlA POLLEN 703

Table 1. Heliconia collections examined.

Species Collection Data

H. irrasa R. R. Smith Costa Rica, puntarenas: Esquinas Forest Reserve between
var. irrasa Rio Claro and Palmar, 75 m, July 1976, Kress, Cooper-Smith,

Daniels, Stiles & Hutchison 76-591 (DUKE).

H. nutans Woodson Panama, chiriqui: 5 mi from Boquete near Finca Lerida,

1,700-1,800 m, Aug. 1977, Kress, Clarkson & McDade 77-882.

Rhizomes imported and plants raised to flowering at Duke
Univ. (DUKE).

H. 'Teru" (c/. Peru. Junin: Along road between Tarma and San Ramon, 2,300

brasiliensis Hook.) m, Feb. 1976, Kennedy & Plowman 3564, Seeds germinated

and plants raised to flowering at Duke Univ. (DUKE).

H. ''Ecuador" (sp. nov.; Ecuador, pastaza: Mera, Nov. 1974, Plowman 7609, live

afF. humilis Jacq.) collection only. Rhizomes sent to Kress (79-1052) and plants

raised to flowering at Duke Univ. (DUKE).

post-fixed for 1 hour at 20°C in 2%OSO4in 0.1 Mphosphate buffer. The material

was again rinsed in buffer, dehydrated, and then infiltrated with epoxy resin

(Spurr, 1969). The entire procedure from fixation through infiltration was carried

out under vacuum. Sections were cut on a Cambridge-Huxley ultramicrotome

with a DuPont diamond knife. Ultrathin sections were post-stained with saturated

uranyl acetate in 50% ethanol followed by 0.2% lead citrate. Photomicrographs

were taken on a Siemens Elmiskop 101 TEM. Thick sections (0.5-1 /xm) for

viewing with brightfield microscopy were stained in a drop of toluidine blue dis-

solved in 1% aqueous solution of borax (Pease, 1960). Permount was used as the

mounting medium for permanent slides of the pollen sections.

Unfortunately, only limited analyses have been accomplished to confirm the

specific nature of the wall components in Heliconia. Our use of such terms as

callose, cellulose microfibrils, sporopollenin, etc. is based mainly on similarities

in ultrastructure with published reports of pollen grains that have been examined

by histochemical procedures.

Results

Helicon

The unique nature of the grain is not readily apparent, however, because the

sporoderm is exceptionally thick (to 8 /xm) and rigid enough to withstand transport

in pollination (Fig. 2). The relatively fragile construction of Heliconia pollen is

revealed by applying mild acetolysis treatment. The proximal hemisphere which

seems to be more resistant to the treatment maintains its integrity for a while as

a thin shell (Fig. 3), whereas the striated distal hemisphere collapses into the

hollowed interior of the grain (Fig. 4). In a previous study we determined that

sporoderm thickness is due to a massive and complex intine (Kress et aL, 1978:

see fig. 14). The exine is limited to discontinuous patches of spinules on the distal

surface and a thin corrugated layer on the proximal hemisphere, no doubt ac-

counting for the short-lived pollen shell in acetolysis. The initiation and devel-

opment of pollen was followed in the anther from the archesporial stage through
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Figures 1-4. Heliconia pollen— 1. SEMmicrograph, proximal hemisphere strongly convex,
H, 'Teru," x830.— 2. Brightfield micrograph of ''thick" section, equatorial view, minute spinules

and channels on distal face, hemispheres approximately equal in size, H, 'Teru," x870.— 3. Phase
contrast micrograph of an acetolyzed grain viewed from distal pole: fragile channelled surface col-

lapsed into grain with upright edges of proximal hemisphere forming shell, H. irrasa, x555.
above, focal plane near bottom of grain showing surface spinules of collapsed distal "roof," H.
irrasa, x555.

meiosis to the maturation of a mature male gametophyte, with particular emphasis

on the nature and ontogeny of the sporoderm (Fig. 5).

PRE-TETRADPERIOD

Prior to meiosis any one plane of the anther locule contains a relatively few

(up to 9), large sporogenous cells surrounded by a single layer of tapetal
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Figure 5. Ontogenetic development of pollen wall formation in Heliconia and the general

pattern in grains with well-developed exines.
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cells (Fig. 6). Adjacent sporogenous cells have numerous protoplasmic connec-

tions through plasmodesmata (Fig. 7), thus affording communication between the

sporogenous mass and some degree of synchrony in development. Tapetal cell

walls are lost at the termination of meiosis and lens-shaped bodies (LSBs) are dis-

charged into the canals between adjacent tapetal protoplasts (Fig. 8).

TETRADPERIOD

Pre-wall Formation. —Following meiosis the plasmodial-type tapetal cells

show elaborate organelle development and LSBs aggregated on the periphery of

the callose sheath (Fig. 8). The four microspores are separated by callose and
bound in a tetrad by the special callose wall (Fig. 9). While the callose is contin-

uous and unperforated between microspores, cytomictic channels are in evidence

in the callose wall surrounding the tetrad of some species (e.g., Fig. 10, H.
"Peru").

Phmexine Plaque. —Localized invaginations of the plasmalemma form pock-

ets on the distal hemisphere. A fibrous layer and electron dense plaques are

deposited to the exterior of the membrane (Fig. 11).

Probaculum.— The growth of the plaques is not understood, but it appears
that they enlarge by the acquisition of protosporopollenin from the microspores
to become prominent probacula that intrude into the closely appressed callose

wall (Fig. 12). By the mid-probaculum stage (Fig. 13) the primexine forms a
continuous electron dense band around each microspore protoplast and the nas-

cent spinules reach maturity.

A closer look (Fig. 15) reveals that development of the primexine consists of

heavy protosporopollenin concentrations at probacula sites and more diffuse de-

posits along the tangentially oriented white lines. In the case of multiple white
lines (Fig. 16), the outermost (two?) lines concentrate the bulk of the protospo-
ropollenin at a time when the callose wall is still serving as a barrier to tapetal

contact. The late-probaculum stage is marked by the partial dissolution of the

callose wall that surrounds the tetrad and separates each microspore (Fig. 14).

The smooth primexine on the proximal hemisphere shows some thickening be-

tween the mid- and late-probaculum stage. Four to six ribbonlike white lines are

in evidence to the exterior of the plasmalemma (Fig. 16). The white lines occa-
sionally pass through the central region of the spinules, but more often they are

situated near the base (Fig. 17). Localized deposits of protosporopollenin con-
dense on the white lines in template fashion between the spinules (Fig. 18).

Figures 6-10. Pre-meiotic to early tetrad period.— 6. Sporogenous cells (SC) with large nuclei
and peripheral plastids; adjacent tapetal cells (TC) with relatively undifferentiated protoplasts, He!i-
coma nutans x 1,250.-7. Plasmodesmata between sporogenous cells, H. nutans, x25,000.— 8. Ta-
petal protoplast (cell wall dissolved) and free LSBs appressed to callose wall (CW) during

^^''^^^
vl o'^v^'

complex protoplast with ribosome packets and scattered vacuoles, H. "Brazil,"

V 87< m' c°.""^
^^^^^^ "^ microspores, cytoplasm disrupted by FAA fixation, H. "Peru,'

X 1,8/:,.— 10. fcnlargement of peripheral callose wall showing evidence of cytomictic channels (ar-

xem*"
"^^^ "" P"'^' ^^'''^"^ '" '^^"o^e ^alls separating adjacent mircrospores, H. "Peru,"
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FREE SPOREPERIOD

The complete dissolution of the callose wall which frees the microspores from

the tetrad is accompanied by a several fold increase in miscrospore size and the

formation of a large central vacuole (Fig. 19). The cytoplasm is compressed

against the periphery. In the case of Heliconia the majority of the organelles are

displaced to the distal hemisphere to form a thicker sheet of cytoplasm than on

the proximal side (Fig. 19). At the same time the tapetal protoplasts disintegrate

to discharge the contents into the anther locule (Fig. 20).

Initiation of Inline. —The first evidence of intine formation apears as loosely

arranged microfibrils situated in pockets between the plasmalemma and the white-

line template (Fig. 21). In some cases the fibrillar intine is associated with highly

elaborated microspore cytoplasm that shows complex folding of the endoplasmic

reticulum (ER) and abundant ribosomes and Golgi apparatus (Fig. 22).

Maturation of Exine. —The exine of Heliconia reaches maturity during the

early development of the intine. The spinules on the distal face are anchored on

the white lines which are mainly tangentially oriented, although occasional views

reveal a single radial line passing into the center of a spinule (Fig. 21). The free

ipore period places the developing sporoderm in contact with the surrounding

tapetal discharge (Fig. 23). The LSBs appear to hover around the sporoderm and

fragments of tapetal ER with osmiophilic granules (Figs. 23-24) become ap-

pressed to the white lines which are of unit membrane dimension (30-40 A). The

formation of a large central vacuole and rapid enlargement of the microspores

following release from the tetrad must stretch the sporoderm. This results in

separation of the outer white lines (Fig. 27). The surface of the mature gram

retains many of the spinules, but the channeled intine is exposed throughout by

the sloughing of the poorly anchored exine (Fig. 33).

In summary, initial development of the proximal exine is in phase with that

on the distal face. A faint indication of white lines appears between the plaques

on the distal surface (Fig. 12), while the proximal surface of the same grain (Fig.

25) shows clear evidence of white Hues to the exterior of the plasmalemma and

adjacent to the callose wall separating sister microspores. The proximal exine

lags behind in development, but by the late tetrad stage it forms a continuous

layer that is markedly thicker than the distal exine (e.g., Figs. 36 vs. 33). For all

practical purposes one can say that exine formation in Heliconia is not enhanced

by sporopollenin deposits from the tapetum.
Maturation of Intine. —With the continued elaboration of microfibrils in the

undulations to the exteior of the plasmalemma on the distal hemisphere (Fig. 22),

tangentially oriented microfibrils become compacted into a thick homogeneous

layer beneath the exine, while a loose arrangement of microfibrils occupies an

equal space adjacent to the plasmalemma (Fig. 27). The microspore cytoplasm

appears particularly active in the areas of microfibril accumulation; plastids and

microtubules are abundant and the plasmalemma is diffuse (Fig. 28). The earliest

signs of channels in the intine occur after the compacted microfibrils have been

layed down beneath the exine (Fig. 27) and at the same time that radially oriented

vesicles appear in the fibrillar area adjacent to the plasmalemma (Fig. 29). The

diameter of the vesicles corresponds roughly with the width of the nascent chan-

nels and our assumption is that the vesicles are active in the dissolution of chan-
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nels through the outer intine. In later stages of channel formation the openings

extend through the outer intine to the base of the exine or to the surface where
the exine has been sloughed (Fig, 30). The cytoplasm has abundant mitochondria

and Golgi apparatus at this stage and the rough ER is tangentially aligned near

the region of active intine development. The channeled layer of the intine (LI

layer) appears to thicken after the initiation of channel formation (see Figs. 30-

31). At the completion of this thickening, the remaining vesicles become tangen-

tially oriented and concentrated. The vesicles subsequently collapse and disin-

tegrate to form a faint boundary between the foot layer at the base of the channels

(L2) and the more extensive fibrillar layer below (Fig. 32: L3). The mature spo-

roderm on the distal hemisphere has, then, four recognizable layers (Fig. 33); the

remnant exinous spinules; the thick channeled intine (LI); the L2 layer with more
or less radially oriented fibrils at the base of the channels; and the L3 layer with

tangential microfibrils that are appressed to the plasmalemma.

Development of the proximal intine (Figs. 34-36) is less rapid and elaborate

than events on the distal side of the pollen grain. Loosely arranged microfibrils

are the first signs of a proximal intine (Fig. 34), while at the same time the distal

intine shows two layers (Fig. 28). By the time the proximal intine develops an

outer compacted layer of microfibrils and an inner layer of loosely arranged mi-

crofibrils (Fig. 35), the distal intine has well-developed channels (Fig. 32). The

mature sporoderm on the proximal hemisphere has a smooth, uninterrupted exine

and a two- to four-layered intine due to different degrees of compactness of the

microfibrils (Fig, 36).

Discussion

The biology of pollen becomes ''curiouser and curiouser"^ as new techniques

and insights are brought to bear. No longer can one feel comfortable with Mahesh-

wari's statement that the ''development of the male gametophyte is remarkably

uniform in angiosperms" (Maheshwari, 1950). Certain basic similarities are evi-

dent in the ontogeny of Artemisia (Rowley & Dahl, 1977) and Heliconia, for

example, but pollen is proving as quixotic as most other biological features. *The

new biology of pollen," as Vasil (1973) has called it, employs a host of sophis-

ticated techniques to explore development, differentiation, and physiology of

pollen grains, especially as they function in their natural environments. The bio-

chemistry of pollen (Mascarenhas, 1975) and particularly the interaction between

pollen grains and the stigmatic surface (Clarke & Knox, 1978) are providing

insight into the more conspicuous pollen features that have deep-seated signifi-

cance. The angiosperm pollen wall, for example, appears to be ''adapted to carry

physiologically active materials derived from the sporophytic parent (the exine

domain), and the gametophyte itself (the intine domain)" (Heslop-Harrison,

1976). Since Heliconia has an elaborate intine with well-developed channels,

there is a potentially large storage reservoir for compounds active in pollen ger-

mination and incompatibility. An understanding of the development of the spo-

' Dodgson, C. L. 1865. Alice's Adventures in Wonderland. By Lewis Carrol (pseud.). Nfacmillan

and Co., London.
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f »Figures 11-12. Primexine formation on the distal hemisphere, Heliconia "Ecuador.

adjacent to the peripheral callose walls (CW); LSBs of tapetal origin to the exterior.— 12. Probacula
development (arrows) sandwiched between plasmalemma (PL) and callose wall; faint hint of devel-

opment of white Imes (arrow) by "ballooning" of the plasmalemma (inset).
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roderm of Heliconia is important to this problem, as well as to the more general
question of how the ontogenetic pathway differs from the norm, where extensive
exine elaboration is the case.

GRAIN POLARITY

Heliconia
grains has been answered. The channeled intine region through which the pollen
tube emerges (Kress et al., 1978: fig. 20) is located on the distal hemisphere. The
evidence for establishing polarity actually comes from using the spinules as mark-
ers. In an attempt to identify nascent intine channels in mature tetrads, we soon
discovered the well-known fact (see Heslop-Harrison, 1968a) that intine devel-
opment is initiated in the free spore period following breakup of the tetrad (Fig.

5). Fortunately, the exinous spinules are concentrated on the same hemisphere
as the channels (Kress et al., 1978; fig, 10) and their development occurs during
the tetrad period. The spinules stud the primexine on the outer distal face of each
microspore just prior to complete dissolution of the callose wall and subsequent
intine formation (Figs. 13-14). These data confirm Erdtman's earlier speculation

on the distal placement of the *'ulceroid aperture" (Erdtman, 1966). The heter-

opolarity of Heliconia is unique among its close relatives, and there are
few clues to its evolutionary history. In genera such as Musa, Phenakospennum,
Strelitizia, and Canna, where the grains are isopolar, it is easy to envisage pro-

gressive localization of the radially oriented channels, the culmination of which

hemisphere (Fig. 2).

H. 'Teru'- in which the aperture is confined to the distal

SPORODERMDEVELOPMENT

The pattern of sporoderm development is reasonably well known for a spec-

trum of angiosperms, based on papers by Echhn & Godwin (1969), Heslop-Har-

rison (1963, 1968a, 1968b, 1971a, 1971b), Horner & Lersten (1971), Horner &
Pearson (1978), Rowley & Dahl (1977), Skvarla & Larson (1966), and others.

Most attention has been directed to the ontogeny of the exine and for this reason

Heslop-Harrison (1971a) was able to say that the ''main morphogenetic activity

is confined, then, to the tetrad period." While this statement is not applicable to

Heliconia because of the intensive post-tetrad development of the intine, the

general pattern of sporoderm development during the tetrad stage (Fig. 5) is

similar to reports on other monocotyledons {Lilium: Heslop-Harrison, 1971b;

Tradescantia: Mepham & Lane, 1969a; Zea: Skvarla & Larson, 1966) and di-

cotyledons as well (Citrus: Horner & Lersten, 1971; Helianthus: Horner & Pear-

son, 1978; Parkinsonia: Larson & Lewis, 1962; Silene: Heslop-Harrison, 1963).

The tetrads of Heliconia are large and particularly amenable for ontogenetic

studies. The special callose wall of Heliconia is prominent at maturity (Fig. 9)

and unlike Pergularia (Asclepiadaceae), the poor development of the exine can-

not be attributed to the absence of callose (Vijayaraghavan & Shukia, 1977). The
callose is finely granular and the sheath surrounding the tetrad shows an outer

dark electron-dense band and an inner lighter band (Figs. 8, 1 1-12). The partitions

between young microspores have a dark mid-line (Fig. 9) that corresponds to the
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region of the "plaque cellulaire" (pc) in Tradescantia (Horvat, 1966). This strat-

ified callose pattern can be accounted for by assuming that the initial formation

of an enveloping callose sheath is followed by alternating periods of cell division

and callose deposition: callose sheath; pCi in telophase I; callose around each

diad; pCn in telophase II; callose around each microspore. The number of visible

callose wall stratifications depends on the age of the tetrad; the callose layers in

older tetrads blend into one another. In this model, the outer tetrad wall is fun-

damentally 3-layered, the septa consisting of the pci are 5-layered, and the pcn

septa are 3-layered. This sequence of development appears to be compatible with

the drawing of a young tetrad of Ipomoea by Beer (1911) and the TEMmicro-

graphs of Tradescantia by Horvat (1966: fig. 4) and preliminary studies we have

made on Tapeinochilos (Costaceae). Young tetrads of some species of Heliconia

have cytomictic channels transversing the outer callose wall (Fig. 10). However,

we have no evidence for cytoplasmic continuity between the tapetum and micro-

spores; the deposition of callose prior to leptotene normally seals off all channels

and isolates the microspores during subsequent pollen development (Echlin &
Godwin, 1968b; Eschrich, 1963; Heslop-Harrison, 1966).

PRIMEXINE

The first evidence of sporoderm development follows meiosis and the envel-

opment of each microspore in callose (Fig. 5). The callose is thought to be im-

permeable to most macromolecules, thus assuring isolation of the developing

male gametophyte (Vasil, 1973). The plasmalemma of each microspore is tightly

appressed at first to the surrounding callose. Localized invaginations appear on

the distal hemisphere of Heliconia and a fibrous layer and electron-dense plaques

constituting young probacula develop in the plasmalemma pockets (Fig. 11). Hes-

lop-Harrison (1968b), Larson & Lewis (1962), and Skvarla & Larson (1966) have

commented on the uneven withdrawal of the plasmalemma from the callose, but

there has been some question whether this is due to artifacts of fixation. We
concur with the findings of Roland-Heydacker & Cerceau-Larrival (1975) in Tra-

chymene (Umbelliferae) that the invaginations are part of the normal sequence

of development and are the result, probably, of localized pressures exerted

against the plasmalemma layer by a thickening fibrous layer (Dickinson, 1970).

These pockets in Heliconia are confined to the distal hemisphere oriented towards

the tapetum (see Heslop-Harrison, 1962), as are the probacula and mature spi-

nules to which they give rise. The radially oriented probacula appear to enlarge

by condensation of homogenous electron-dense material (glycocalyx of Rowley

& Skvarla, 1975) around the plaques (Fig. 5), rather than by aggregation of sacs

as in Lilium (Dickinson, 1970), or the formation of a "tridimensional network"

as in Canna (Rowley, 1976; Rowley & Skvarla, 1975). The developing probacula

Figures 13-14. Maturation of primexine, Heliconia nutans, x3,000.— 13. Mid-probaculum

stage with callose intact around and between microspores; primexine layer thin but continuou ,

nascent spinules localized on the outer, distal hemispheres.— 14. Late-probaculum stage showi S

dissolution of surrounding callose; probacula (nascent spinules) reach maturity on distal face, wn

the smooth primexine on the proximal face is thickened slightly.

n
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of Heliconia which appear similar to the "tufts" of Artemesia (Rowley & Dahl,

1977) definitely have a plasma membrane origin as determined in Helianthus by

Horner & Pearson (1978) and Liliiim by Dickinson (1970) and Dickinson & Hes-

lop-Harrison (1968). The spinules of Canna also have a plasmalemma origin, but

Rowley & Skvarla (1975) have refrained from employing the term "probaculum."

Even so, it seems highly likely that we are talking about the same structure. The

formation of probacula in Heliconia, Helianthus (Horner & Pearson, 1978), Hel-

leboms (Echlin & Godwin, 1969), Ipomoea (Godwin et al., 1967), Zea (Skvarla

& Larson, 1966) and others (see Heslop- Harrison, 1971a; Mascarenhas, 1975)

marks the completion of the primexine phase of development. In Heliconia and

Canna (Rowley & Skvarla, 1975), at least, the primexine template is an exact

replica of the mature exine. Assuming that the intact callose wall is, in fact,

impermeable to tapetal macromolecules (see Rodriguez-Garcia, 1978, for evi-

dence to the contrary), sporophytic control of the exine pattern must reside in

cytoplasmic information contributed by the microspore mother cells at meiosis

prior to encapsulation of the tetrad in callose (Heslop-Harrison, 1971b).

WHITE LINES

Short segments of unit-membrane dimension appear in the early stage of pro-

baculum development in Heliconia (Fig. 12). There has been active discussion

about the formation, composition and function of the white line (Godwin et al.,

1967), low dense line (Rowley & Dunbar, 1967), membraneUke lamella (Rowley

& Southworth, 1967), lamella (Dickinson & Heslop-Harrison, 1968; Heslop-Har-

rison, 1971a), primordial lamella (Nabli, 1975), or white line centered trilamella-

tion (Rowley & Dahl, 1977). White hnes are electron translucent ribbons of unit-

membrane dimension (50-60 A: Heslop-Harrison, 1971a; Rowley, 1962) that are

sandwiched between two dark lines of approximately equal thickness. Rowley &
Dahl (1977) discuss the evidence for a lipoprotein or phospholipid composition

and the fact that the white line in Artemisia is the base plate for initiation and

growth of the bacula. Probacula initiated during the tetrad period in Heliconia

and most other genera have been found to stem from the plasmalemma (Flynn,

1971). The white lines are initiated at the base of the probacula and to the exterior

of the plasmalemma. They are normally oriented tangentially, although occasion-

ally a single white line passes radially into the center of a Heliconia probaculum

(Fig. 21). The anomaly of Artemisia is probably due to the fact that the primexine

template of this complex, multitiered Compositae pollen grain is relegated to

formation of the tectum, while a secondary superstructure of pillars (i.e., bacules

of Rowley & Dahl, 1977) is initiated to the interior. Rowley and Dahl cite Nabli's

(1975) work in the Labiatae as evidence for the hypothesis that the "white line

centered lamellation [is] a primordial exine lamella with a distal ectexine-forming

Figures 15-16. Protosporopollenin deposition on white lines, x 60,000.— 15. Deposition con

protoplast, FAA preserved, H. "Peru."
heavily coated with protospo

(CW)
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m

Figures 17-18. Late probaculum formation, Heliconia nutans— \1 . Proliferation of white linesi .yuiM^c ii-io. L.mc prooacuium rormation, tieliconia nutans —1 /. h'ronierauon oi wmi^ '--
to exterior of the plasmalemma (arrows), mainly situated at the base of nascent spinules, occasionally

passing through the central region; large plastids mainly peripheral in the microspores, x 30,000.—

18. ProtosporopoUenin from microspore layed down exterior to the plasmalemma (arrows) on a tem-

plate of 4-5 white lines prior to disappearance of the callose wall (CW), x40,000.
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face (LI of Nabli) and proximal endexine-forming face (L2)" (Rowley & Dahl,

1977). It seems clear from Nabli's photographs (1975: plate I, fig. 2) that the

probacula are well developed in the tetrad stage prior to the formation of a white

line.

The earliest sign of white line formation in Heliconia appears as a localized

proliferation or ^'ballooning" of the plasmalemma into multiple membranes (Fig.

12: inset). Our evidence for this is limited, but there is certainly no indication that

the white line centered lamellation is synthesized "far'' from the plasmalemma
as inferred by Nabli (1975). Segments of the initial white line probably develop

first beneath the probacula that are destined to become the largest and best an-

chored spinules. The young probacula apparently accumulate protosporopollenin

to the exterior and interior of the initial white line, thus embedding the white line

in the basal portion of the spinules (Figs. 17-18). As many as six white lines have

been recorded on the distal face of Heliconia (Fig. 17) and four on the proximal

hemisphere. The white lines form interrupted envelopes around the entire grain.

While we have no chemical or physical confirmation of the nature of the white

lines beyond the information derived from the TEMmicrographs, one gets the

distinct impression in Heliconia that the 30^0 A thick white line is an entity

unto itself, and its visibility is defined only by the presence of an electron opaque

background. There is little question that the white lines serve as templates for

deposition of protosporopollenin in Heliconia, not unlike the findings of Godwin

et al. (1967) in Ipomoea and Rowley (1967) in Anthurium (also see Rowley &
Dunbar, 1967).

Protosporopollenin accumulated adjacent to the exterior of the white line

boundary gives rise to the amorphous-granular nexine-1 or footlayer (Heslop-

Harrison, 1971b), while the white lines and deposits to the interior become part

of the nexine-2 or endexine (Nabli, 1975), as for example in Artemisia (Rowley

& Dahl, 1977) and Helianthus (Horner & Pearson, 1978). The common mode of

origin for these two layers is apparent here as in Lilium (Dickinson & Heslop-

Harrison, 1968), but the relatively poor subsequent elaboration of the exine in

Heliconia precludes recognition of distinct exinous layers in the pollen at maturity

(e.g., Fig. 36).

THE SECONDARYEXINE ANDTAPETAL CONTACT

By the time the callose sheath begins to disintegrate in Heliconia, the nascent

spinules are in place, white line development is complete and protosporopollenin

deposition ceases. This is the period in most pollen grains when extracellular

polymerization of the exine is mediated through sporopollenin precursors se-

creted in the thecal fluid by the tapetal cytoplasm (Heslop-Harrison, 1971a;

Brooks & Shaw, 1978). Heliconia is different. The protosporopollenin may
undergo further polymerization, but no significant amounts of sporopollenin are

added to the primexine template. The secondary exine of Heliconia is, in effect,

a mature primexine with white lines and a small amount of sporopollenin. There

is, however, extensive contact with the tapetal discharge on the distal face and

opportunity for interactions to occur.

The cell walls of the tapetum of Heliconia break down at the termination

of meiosis and LSBs are released into the canals between adjacent protoplasts
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(Fig. 8). The ultimate fate of the cells is to fuse to form an amoeboidlike tapetum

(Fig. 19). This pattern of development is characteristic of the periplasmodium

tapetum (Maheshwari, 1950) found in a minority of the angiosperms (Davis, 1966),

Previous reports of an amoeboid tapetum in the Zingiberales include the Zingi-

beraceae {Amomumand Nicolaia only) and Cannaceae (Canna), The extensive

contact of the periplasmodium with the developing microspores presumably en-

hances the nutritive function of the tapetum (Mascarenhas, 1975). The exact

nature of the contribution of the tapetum is not known. In angiosperms with a

glandular or secretory type of tapetum, orbicules or Ubisch bodies are common
(Echlin & Godwin, 1968a), While these bodies have been suggested as the con-

veyors of sporopollenin from the tapetum to the incorporation sites on the exine

(Echlin, 1971), their exact function is not clear and a direct connection with the

developing exine has not been established (Mascarenhas, 1975). Species with a

plasmodial tapetum such as Tradescantia (Mepham & Lane, 1969a) and Heliconia

are not known to produce Ubisch bodies (Echlin & Godwin, 1968a; Heslop-Har-

rison & Dickinson, 1969). It is not entirely surprising, therefore, that Mepham&
Lane (1968) suggest that the "exine is wholly a secretion of the pollen protoplast

and that the tapetum makes no direct contribution to its development . . .
/'

Godwin (1968) has challenged their interpretation on the grounds of insufficient

evidence, although he agrees that there is no substantiation of the claim that

sporopollenin is pre-synthesized in the tapetum and transferred in particulate

form to the exine. Tradescantia, like Heliconia, possesses tapetal-derived bodies

that Mepham& Lane (1969b) refer to as lipid-globules. They are probably similar,

if not identical, to the LSBs of Heliconia. These organelles do not, technically,

qualify as Ubisch bodies because they lack the sporopollenin deposits character-

istic of species with a secretory tapetum (Echlin & Godwin, 1969). However, like

the lipid-globules, LSBs, pro-Ubisch bodies (Willemse, 1971) and gray bodies

(Carraro & Lombardo, 1976; Lombardo & Carraro, 1976a, 1976b) are derived

from the tapetal protoplast (Echlin, 1971). No internal structure is evident in

these bodies until after they have been discharged from the tapetum into the

anther loculus (see Echlin & Godwin, 1968a; Willemse, 1971). In the case of true

Ubisch bodies, the acquisition of sporopollenin after tapetal discharge would

provide the necessary electron-opaque background for visibility of the ''streaks"

or lamellae of white-line dimensions. Since the "streaks*' become visible in the

discharged lipoid globules o^ Heliconia and Tradescantia without sporopollenin

deposits, some other process must be involved. It should be noted that many,

but not all of the LSBs display prominent "streaks" (Figs. 8, 11).

Figures 19-22. Free spore period, Heliconia ''Ecuador/' —19. Complete dissolution of callose

wall and separation of microspores in the tetrad; rapid enlargement of microspore through formation

of large central vacuole (V), forcing most organelles into a thick sheet of cytoplasm on distal face

adjacent to spinules (S), x2,500. —20. Disintegration of tapetum freeing protoplasmic contents with

packets of ribosomes (arrows) and numerous LSBs, x 12, 500.

—

21. Primexine template with several

tangentially oriented white lines and occasional views of single radially oriented while lines penetrating

the center of spinules; early formation of fibrillar intine (FI) between white lines (WL) and plasma-

lemma (PL), cytoplasm bounded on inner surface by tonoplast (T) of vacuole (V), x25,000. —22.

Fibrillar intine (FI) development associated with high ribosome content, Golgi apparatus (G) and
rnmnl^v f/ilHi'no nf thp FR within the nrotoolast. X 25.000.
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The role of LSBs and other tapetal products in the development of the sec-

ondary exine is by no means understood. Dickinson & Bell (1976) have deter-

mined that sporopoUenin precursors are first released into the anther loculus of

Pinus banksiana. Polymerization is preferential on lipoidal surfaces. Following

meiosis, sporopoUenin condensation occurs on lipid droplets to form orbicules on

the lipid layer surrounding the loculus, and eventually on the primexine of the

microspores when the callose walls dissolve. The LSBs of Heliconia are dis-

charged from the tapetum into the loculus during the tetrad stage when the pri-

mexine is undergoing development (Fig. 11). The timing of release apparently

differs in Tradescantia, for Mepham& Lane (1969b) speak of the production of

lipid globules shortly after the microspores are released from the tetrads. Once

the callose sheath of Heliconia disappears, the LSBs make close contact with

the spinules and white lines (Figs. 23-24). There is some evidence here that short

membrane segments with beads of ribosomal dimensions become attached to the

primexine template. The significance of this to secondary exine growth in Heli-

conia is certainly inconsequential. However, the fact that there is direct physical

transfer of tapetal-synthesized material substantiates the potential role of the

tapetum in contributing to pollen development (Dickinson & Bell, 1976).

INTINE DEVELOPMENT

There is no evidence of intine in the young microspores until the exine is

nearly mature. Following primexine formation in the tetrad and during secondary

exine elaboration, the freed microspores expand nearly to the size of the former

tetrad (Gaul et al., 1976; Heslop-Harrison, 1968b), and one large central vacuole

normally flattens the cytoplasm into sheets and moves the nucleus to the periph-

ery (Fig. 19). Sanger & Jackson (1971) found that several small vacuoles become

positioned between the single furrowed aperture and the nucleus of the African

blood lily. While they make the point that there is "no evidence . . . that a

particular ultrastructural event can be causally related to the displacement of the

nucleus prior to divisions," the formation of vacuoles would seem to serve this

purpose. Whatever the precise role of vacuoles, the initiation of the intine is

accompanied by microspore mitosis and tapetal disintegration {Citrus: Horner &
Lersten, 1971; Helianthus: Horner, 1977; Heliconia: Fig. 22).

The intine is synthesized from within the microspore (Heslop-Harrison, 1968b)

and the chemical composition differs in no essential way from the primary wall

of somatic cells (Heslop-Harrison, 1971a; Sitte, 1953). While microtubules are

present at this time, their small numbers and apparent lack of orientation in Liliiim

led Heslop-Harrison (1968b) to conclude that there is no evidence that they play

a role in microfibril orientation. However, the prevalence of dictyosomes during

intine formation (e.g., Roland, 1971: Ranunculaceae) is consistent with the view

Figures 23-24. Maturation of the distal primexine to form secondary exine, Heliconia "Ec-

uador," x80,000, —23. LSBs in vicinity of sporoderm associated with osmiophilic granules, presum-

ably SporopoUenin; ER fragments (arrows) with attached ribosomes appear to adhere to the outer

surface of the primexine.— 24. White lines of unit membrane dimensions may serve as template for

ribosome attachment and sporopoUenin polymerization.
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Figures 25-26. Ontogeny of the proximal exine, Heliconia "Ecuador," x 120,000.— 25. Early

probaculum stage, sister microspores separated by pitted callose wall (CW); evidence of white line

formation (WL) to exterior of plasmalemma (PL).— 26. Free spore stage showing mature exine (E),

we 1-developed white lines (WL), and early development of fibrillar intine (FI) to exterior of plas-

malemma (PL).
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Figures 27-30. Early development of the distal inline, Heliconia nutans. —27. Fibrillar intine

loosely arranged in a zone adjacent to the plasmalemma (PL) and compacted into a dense band near

the periphery of the microspore; separation and sloughing of while lines appear imminent in areas

between spinules, x25,0O0.— 28. Microspore cytoplasm appears particularly active in areas of intine

buildup, plastids (P) and microtubules (MT) are in evidence and the plasmalemma is indistinct in

places, X 25,000. —29. Radially oriented vesicles (VE) congregate in the loosely arranged fibrillar zone

adjacent to the compacted intine and in association with the nascent channels, x25»000. —30. Late

channel formation through compacted inline, showing continuity between loosely arranged nbrillar

zone and peripheral exinous surface; cytoplasm with concentration of tangentially oriented rough ER
(RER), Golgi apparatus (G) and mitochondria (M), x 12,000.
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that cytoplasmic vesicles penetrate the plasmalemma and discharge contents into

the wall (Miihlethaler, 1967). Particles on the outside of the plasmalemma appar-

ently complex with cellulose units to form microfibrils (Heslop-Harrison, 1971a).

Intine growth proceeds in waves (Stanley & Linskens, 1974) and concentric la-

mellations are often present {Heliconia: Fig. 36; Silene: Heslop-Harrison, 1968a;

as well as Musci: McClymont & Larson, 1964). In species such as Silene where
there are defined apertures, the intine is initiated beneath the apertures and then

development continues outward in a radial pattern (Heslop-Harrison, 1968a).

Somewhat of the same situation prevails in Heliconia, The distal hemisphere

which serves as the aperture region shows a more rapid and elaborate intine

development than the proximal face.

Following the appearance of a loose weft of microfibrils in Heliconia (Fig.

21), the intine becomes compacted between the plasmalemma and the base of the

exine (Fig. 27), similar to the situation Heslop-Harrison (1971b) described for the

aperture region of "normal'' pollen grains. Formation of the intine channels in

Heliconia does not occur until after the microfibrils have been compacted (Fig.

27). Components are secreted through the plasmalemma to form radially oriented

vesicles that become associated with the interior face of the compacted intine.

These vesicles appear to be active in dissolving channels through the outer intine

(Fig. 29). The development of channels (tubules) in Crocus has been equated

with that of Canna by Heslop-Harrison (1977), and she surmises that they arise

*'by the development of microvilluslike extensions of the spore surface which

later become encased by the polysaccharide material of the wall.'' To our knowl-

edge, the development of the outer intine of Canna has not been investigated,

although Skvarla & Rowley (1970) did comment that the intine channels of mature

pollen grains are ''membrane bound." Additional intine thickening does take

place in Heliconia after the channels penetrate the outer layer, and it may well

be that the vesicles become encased by the later-formed intine. The mature

intine of Heliconia has prominent channels that may or may not be covered by

a thin exinous coat. To the interior, the base of the channels is sealed by a thin

layer of radially oriented microfibrils (L2) and a much thicker strata of tangentially

oriented fibrils (L3). Rowley & Skvarla (1974) found that the outer intine of Canna

(i.e., channeled region) is initiated soon after meiosis, while the inner intine is

delayed until after microspore mitosis. They attribute the development of a lobed

inner intine to the formation of ''plasmalemmasome regions." The lobes are

eventually compressed and the inner intine becomes flattened at maturity, ''pre-

sumably because of cytoplasmic turgor and the general increase in volume of the

protoplast" (Rowley & Skvarla, 1974). Lobes of plasmalemma undulations of this

Figures 31-33. Maturation of the distal intine, Heliconia nutans. —31. Continued thickening

of the channeled layer (LI), tangential alignment of the vesicles into a concentrated band, and dis-

organization of the adjacent cytoplasm, x 12,000.-32. Thickening of the layer (L2) at the base of the

channels, collapse and distintegration of vesicles in the innermost layer of the intine (L3) and depo-
sition of more or less tangentially oriented microfibrils, x 12, 500. —33. Mature sporoderm, distal

hemisphere: tenuously seated spinule(s) on fragmented exinous base (E); well-developed channels in

LI layer; radially oriented microfibrils in L2 base layer; and tangentially oriented microfibrils in L3
layer. x30.000.
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Figures 34-36. Ontogeny of the proximal inline, Heliconia nutans.— i^. Early- to mid-stage

of fibnllar inline development (comparable to distal intine development of Fig. 28) with loosely ar-

ranged microfibrils near exine; extensive development of rough vesicles and elongated microtubules,
X 25 ,000.-35. Mid-stage (same microspore shown in Fig. 32 for demonstration of distal intine de-
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Heliconia

The plasmalemmasomes of Rowley and Skvarla may be similar to the degener-

Hel
iconia pollen. The same course of development for the intine of Canna and the
distal hemisphere of Heliconia is inferred from the similarity in the mature spo-
roderm. The only basic difference is that the spinules of Canna are loosely tex-

tured in a '^tridimensional network" (Rowley & Skvarla, 1975), whereas those
of Heliconia are finely granular and solid without apparent areoles.

The elaborate nature of the intine of such plants as Crocus, Canna, Heliconia,
and the Caryocaraceae (Barth, 1966) makes one wonder about the possible adap-
tive significance. The works of Heslop-Harrison (1975) and Knox (Clarke &
Knox, 1978), in particular, have established that the normal pollen wall has two
functional domains, both of which have the potential to store proteins involved
in germination and incompatibility reactions (see Knox, 1973, 1976)- The sporo-
phytic domain consists of interbacular spaces in the exine which serve as reservoirs

for tapetal proteins, whereas the intine incorporates microspore-synthesized pro-

teins in the gameophytic domain. Since plants with reduced exines lack the capacity

for storage of tapetal proteins, it is not surprising that sporophytic incompatibility

has not been discovered in the Zingiberales, or for that matter in any monocot-
yledons (Heslop-Harrison, 1976). Whether the elaborate intine in these plants

functions in some special way in germination and gametophytic incompatibility

is unknown. There is apparently no direct evidence that intine-borne proteins are

involved in gametophytic incompatibility, although the stigmatic inhibition of the

gametophytically controlled system in the Gramineae is suggestive of such a

mechanism (Heslop-Harrison, 1978). More refined pollinator-pollen-stigma inter-

action studies are needed to determine the roles of exineless pollen in the Zin-

giberales.
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